We present a new optical system that significantly reduces helicity-dependent instrumental intensity asymmetries. It is an extension of a previous scheme [Appl. Opt. 47, 2465 (2008 ], where one laser beam is split using a polarizing beam splitter into two with orthogonal linear polarizations. The beams are sent through a chopper, allowing only one to pass at a time. The two temporally separated beams are then spatially recombined using a second beam splitter. A liquid crystal retarder preceding the first beam splitter controls the relative intensity of the two oppositely polarized beams, allowing reduction of instrumental asymmetries. This system has been modified to include a spatial filter and a Pockels cell placed after the second beam splitter to act as a second active polarization element. Using this method, we can control instrumental asymmetries to ∼5 × 10 −7 in 1 h of data taking, which is comparable to the precision achieved in "secondgeneration" high energy electron-nuclear scattering parity violation experiments.
Introduction
Beams of spin-polarized electrons [1] are used in, e.g., high-energy nuclear physics to study parity violation [2] [3] [4] , in condensed matter physics to study the morphology of magnetic domains [5] , and in molecular physics to study chiral sensitivity in electron-molecule collisions [6] [7] [8] . The standard method used to produce polarized electrons is laserinduced photoemission from a negative electron affinity (NEA) GaAs crystal [9] . This method has the advantage that the electron spin can be flipped by optical means, so that first-order instrumental spin-dependent asymmetries can be eliminated by simply reversing the circular polarization of the laser beam [10] . Unfortunately, such asymmetries may persist to higher order and may also drift in time. Optical elements that reverse the laser beam's helicity invariably, at some level, cause it to have spatial and/or intensity variations that are correlated with this reversal. Such instrumental asymmetries generally result in spin-dependent variations in the photo-emitted electron beam which mimic the experimental asymmetry. These problems can be particularly pernicious when the experimental asymmetries to be measured are very small, such as those in the most recent generation of nuclear parity violation experiments, which are of the order of 10 −8 [3] . In this paper, we define the "source instrumental intensity asymmetry" of a polarized electron source or of the current coming from a photodiode as
where I RL is the current corresponding to the right (left)-handed circularly-polarized laser light producing that current. For an ideal system, A S 0. We are currently conducting experiments to measure spin-dependent asymmetries when a beam of longitudinally-polarized electrons, produced by a GaAs photocathode source, is passed through a vapor of chiral molecules (see Fig. 1 ) [8, 9, 11] . After the electron beam leaves the photocathode, it must travel nearly a meter through the apparatus before interacting with a target. As a result of the long path length, small values of A S at the source, caused by helicity-dependent laser intensity or position variations, can be magnified significantly when the beam reaches the target.
In what follows, we will be careful to distinguish between A S and the "target instrumental intensity asymmetry," A T , which is measured on the Faraday cup at the opposite end of the apparatus. It is important to note that in our experiment, the actual values of A S or A T are relatively unimportant. As long as they are constant, they can be measured and subtracted from any "physics" asymmetry. However, variations over time in these quantities can cause serious problems because such drifting cannot be assessed during the course of data runs with the chiral target in place. Generally, the variation of A T is greater than that of A S and is more important because it can lead directly to measurements of false "physics" asymmetries, producing nonzero values even for achiral targets. The values of A S measured with a photodiode are essentially just a measure of the instrumental asymmetry of the optical system alone. With the current apparatus, if A S is being measured with a photodiode, it is the only asymmetry that can be monitored as the photodiode blocks the laser from the photocathode. In the actual experiment, we monitor the GaAs photocathode current to construct A S , minimize it and keep it nearly constant with feedback control, and then use measurements of A T to set the experimental asymmetry "zero."
In 2008, our group employed an active-feedback scheme to control the standard deviation of the mean (SDM) of A S as measured by a photodiode to 2 × 10 −6 [12] . That work was based on a simple feedback scheme that relied on the digitized response of the photodiode to the laser beam whose helicity was flipped by a combination of chopper and beam-splitting cubes. Importantly, the feedback element that was controlled was not actively used to flip the laser's helicity. In this report, we discuss an improvement of that method that employs a Pockels cell as a secondary helicity flipper and a spatial filter to improve the system's alignment. This has yielded photodiode A S SDM values almost two orders of magnitude smaller: 3 × 10 −8 . The new apparatus can provide control of A T to yield a SDM better than 5 × 10 −7 in 60 min of data acquisition.
Apparatus
The new optical train is shown in Fig. 2 [11] . Linearly polarized light from a Sacher Lasertechnik 780 nm laser (Cheetah, laserhead TEC 50) is directed through a half-wave plate to rotate the plane of linear polarization. It then passes through a Meadowlark LVR-200 liquid crystal retarder (LCR) and a polarizing beam splitter (Thorlabs PBS253). The two beams emerging from the polarizing beam splitter are orthogonally linearly-polarized and are sent through a mechanical chopper wheel (SRS 540) on parallel paths. The chopper wheel is oriented so that only one beam is allowed to pass through it at a time. The two beams are then spatially recombined using a second polarizing beam splitter, and the recombined beam passes through a spatial filter (Newport five-axis model 910). The spatial filter itself is gimbaled and consists of an initial alignment aperture, a lens, and translatable pin-hole aperture. A Pockels cell (Conoptics M350-50) circularly polarizes the final beam with alternate helicities before it enters the electron beam apparatus through a nondichroic window (Fig. 1) .
We discuss the asymmetries that were measured using three different signals: the current from a photodiode (Thorlabs DET110) just upstream of the entrance window (A S ), the current drawn from the photocathode (also A S , but with the photodiode removed from the laser beam path), and the current measured on the Faraday cup assembly in the target cell (A T ). In the latter two cases, the currents were transmitted through short BNC cables connected to Stanford Research Systems SR570 low-noise current preamplifiers whose outputs were sent to SR830 DSP lock-in amplifiers (Fig. 3) ; the photodiode output was sent directly to a lock-in amplifier. For the photodiode or photocathode, the lock-in is designated as the "control" lock-in, while a second "monitor" lock-in is used for the Faraday cup signal. The lock-ins are set such that their output is proportional to the asymmetry A S or A T ; the control lock-in provides A S , while the monitor lock-in detects A T . Usually, the lock-ins are referenced to the chopper wheel frequency. The exception to this is the final optical configuration combining the two-beam system and the Pockels cell (discussed in more detail later), in which case the monitor lock-in is set to detect the component at twice the chopper frequency.
To achieve a stable A S , the control lock-in output is sent to a SRS SIM960 analog proportional-integralderivative (PID) controller (Fig. 3) . The PID controller's operation is centered upon the error signal, ε, calculated as the difference of the measured value (M) and the setpoint value (S):
The output of the PID controller is based upon the result of passing the error signal through three channels:
(1) The proportional path with gain P; (2) The integral path with gain I; (3) The derivative path with gain D.
The values of P, I, and D are each individually set by the user. Additionally, a constant offset (Ṽ o ) can be programmed. The output (Ṽ) is then given bỹ
This output signal determines the voltage applied to the LCR and thus its retardance, thereby enabling active feedback to reduce and stabilize A S . The value of A T corresponding to the Faraday cup current is thus passively controlled. With this setup, it is easier to feedback when A S is small and nonzero. As long as it is constant, however, any resultant nonzero value of A T can be subtracted from an experimental "physics" asymmetry, as previously mentioned. This optical arrangement (as well as our earlier one [12] ) solves the problem of using an electro-optic element-which will invariably produce spatial variations-as both the active feedback and the helicity-flipping component.
This setup includes the following improvements over our previous setup.
(1) A more stable laser. The light source used for photoemission from the GaAs photocathode was chosen based on power and laser-pointing stability over time. Initially, we used a temperature-stabilized Power Technology Incorporated diode laser (Model LDCU5/7873) with 75 mW of power, but later we switched to the Sacher Lasertechnik unit due its increased stability. The Sacher laser has a maximum of ∼70 mW output power.
(2) A better chopper mounting and alignment. The chopper wheel plays a crucial role in the experiment and requires a great deal of attention to detail in its operation. We ultimately decided to use a wheel with six slots and a chopper frequency of ∼210 Hz [11] . Using frequencies close to 60 Hz or multiples thereof should be avoided to minimize line noise.
The edges of the chopper blades can affect the asymmetry signal if the beams are slightly misaligned. The chopper wheel positioning must be adjusted to minimize these transient features in the intensity profile of the recombined beam that result from the chopper blade passing through the laser beam profile. Such features add unwanted Fourier components to the asymmetry signal, so the wheel is adjusted to minimize their effect. The control lock-in is referenced at the chopper frequency, while the monitor lock-in is referenced at twice the chopper frequency by setting it to detect the second harmonic. The reference signal from the chopper is used to supply the trigger for the PC controller. When the optical setup does not include the PC, the electronics used are the same, with the exception that the PC and its controller are removed. In these cases, both the control and the monitor lock-ins are referenced at the chopper frequency.
First, it is important to properly align the chopper wheel and the two linearly polarized laser beams. The laser alignment should be such that the two beams passing through the chopper wheel are horizontally separated by a distance just smaller than twice the outer radius of the blades themselves. The wheel in turn should be oriented so that the laser beams are roughly equally spaced horizontally relative to its center and at approximately its vertical midpoint. The chopper wheel was mounted to allow micrometer adjustments in both horizontal and vertical directions.
(3) Better laser alignment, including the use of a spatial filter. One of the key factors in minimizing instrumental asymmetries and their drifting over time is to make the two oppositely-polarized laser beams be as collinear as possible. Differences in their alignment or their intensity distributions are transferred to the electron beams of opposite polarization. As the electrons in turn propagate down the machine to the target chamber, the differences can be amplified significantly.
After initial alignment and before each data run, a meticulous laser alignment was performed with the chopper turned off using an On-Trak Photonics (PSM2-10 with controller OT-301) position-sensitive photodiode. The spatial filter helped greatly in cleaning up small misalignments and differences in intensity profiles between the two beams. This significantly reduced values of A T and temporal variations thereof. However, using the spatial filter had the disadvantage that it reduced the power of the laser by approximately an order of magnitude, with subsequent reduction of the polarized electron beam current.
Our optical setup included a long focal-length lens to provide point-to-point focusing of the laser beam onto the crystal. This also helped with stabilization and reduction of A T .
(4) An improved feedback system, including lockin amplifiers and a PID controller. As mentioned above, the "control" lock-in amplifier measures A S which is fed back on and controlled to reduce A T , as measured by the "monitor" lock-in amplifier. The signal detected by a lock-in amplifier is 1∕ 2 p times the magnitude of the first Fourier component value of the input signal at the reference frequency. For our system, the asymmetry input signal is approximately a square wave of amplitude a (first Fourier component 4a∕π), where
Here, VI R and VI L correspond to the preamplifier voltages associated with the currents for the rightand left-circularly polarized light, respectively. The signal measured by the lock-in is
In order to find the asymmetry as defined by Eq. (1) from the signal detected by the lock-in, we must calculate
where i S or T and
The output, O, of an SR830 lock-in is determined by the settings of the lock-in and is related to α by
where E is the "expand" factor, and G is the chosen sensitivity of the lock-in amplifier in volts. Therefore, A i can be calculated from the output of the lock-in using the equation
In order to make sure that Eq. (9) is correct, we used a function generator and power supply to create an artificial asymmetry signal with known parameters to verify it. The difference between the measured and actual asymmetry was found to be <5%.
(5) The use of a Pockels cell as a second helicity flipper. An important cause of the persistent instrumental asymmetries we observe is the fact that two distinct laser beams are used to produce the electron beams of opposite helicity. Even with the addition of the spatial filter, these two beams will always have residual small differences in both their spatial profiles and trajectories.
A similar problem arises in Mott electron polarimetry and is largely eliminated by the optical flipping of the electron spin (or the mechanical rotation of the Mott polarimeter itself) with the subsequent construction of an asymmetry "super-ratio" (see, e.g., [10] ).
The adaption of this idea to our system is accomplished as shown in Fig. 2 by replacing a fixed quarter-wave plate with a Pockels cell. With this arrangement, both the Pockels cell and the twobeam/chopper setup are used to reverse the helicity of the laser beam. The Pockels cell retardation is flipped at the same frequency as that of the chopper wheel, but with a 90°phase shift. This is shown schematically in Fig. 4 . The combination of the two polarization-reversing elements results in light whose polarization alternates between right-and left-circular at a frequency that is twice that of the chopper frequency. Thus, the monitor lock-in amplifier must be referenced at twice the chopper frequency, as previously mentioned.
This new configuration is more effective at reducing instrumental asymmetries because both configurations of both helicity-reversing elements (chopper and Pockels cell) are used to produce both R and L light. In general, the two beams of orthogonal linear polarization passed by the chopper are slightly misaligned and/or have different distributions of intensity. Moreover, a change in the Pockels cell voltage will alter beam pointing and/or intensity distribution. Thus, for a given circular polarization of the laser beam incident on the GaAs, both chopper beam variations and Pockels cell beam steerings/intensity variations contribute to the position and intensity distribution of the laser beam on the crystal. This tends to average out instrumental asymmetries and their temporal drifting.
Procedure and Results
Instrumental asymmetry data were collected over 1 h using several different optical setups (Fig. 5) . These setups varied from the most simple configuration (e.g., only one laser beam passing through a Pockels cell or the two-beam system with no additional components) to the most complex (the twobeam system with both the Pockels cell and spatial filter). The corresponding A S or A T values recorded over 1 h are shown in Fig. 6 . The analysis of the data of Fig. 6 is summarized in Table 1 . It should be noted that A S values and their SDMs do not change appreciably when the optical setup is changed, as it is equally easy to feedback on a signal for all arrangements. However, the stability of A T is highly dependent on the configuration used.
The maximum drift in the 60 min of data collection was calculated by taking the difference between the 2-min average value of the highest asymmetry region and the 2-min average corresponding to the lowest asymmetry. Additionally, four bins of 5-min of data were selected where the asymmetry values appeared to be near-linear. A best-fit line for each bin was found, and those line values were subtracted from the corresponding data. Then, the standard deviation of the data in the bin was found. This was done for the four bins individually, and then an average of the four standard deviations was calculated. For the data runs where the instrumental asymmetry was essentially constant (the last three Fig. 5 . The A S as measured by the photoemission from the crystal (last graph) is essentially independent of the optical arrangement; it is equally easy to feedback on the signals from any of the optical configurations. However, A T as measured at the downstream end of the apparatus on the Faraday cup (first five graphs) is highly dependent on the optical arrangement. SF-spatial filter and PC-Pockels cell. data sets listed in Table 1 ), the standard deviation of the mean (SDM) for the entire 60 min data set is also given.
The best results were produced with the combination of the Pockels cell and spatial filter. Over 1 h of data, this optical setup produced an A T with a SDM of 4.56 × 10 −7 as measured at the Faraday cup, which is comparable to the SDM of A S for the photocurrent, 1.53 × 10 −7 . Barring unusual circumstances, the SDM of A S should be a lower limit for the SDM of A T with the present feedback method. The fact that the SDM of A T is approximately three times that of A S is remarkable for this experiment; in the previous simple two-beam system, the SDM of A T could be several orders of magnitude larger than that of A S .
Conclusions
We have demonstrated an optical system for the reduction of helicity-dependent instrumental asymmetries usable in polarized-electron-beam scattering experiments. Such systems find their use in experiments studying parity violation in nuclear physics and the measurement of spin-dependent cross sections in collisions between polarized electrons and atoms or molecules. Our recent experiments searching for longitudinal spin dependence in electron collisions with chiral molecules require that the electron-helicity-correlated intensity asymmetry variations associated with the electron beam incident on the target, essentially the SDM of A T , be of order 10 −5 . We have demonstrated here SDM values of A T in our electron scattering apparatus of 5 × 10 −7 . In an earlier version of this optical setup, in which we only investigated a source instrumental asymmetry A S that was measured with a photodiode and was actively controlled, we found with 1.5 h of data taking a SDM in A S of 2 × 10 −6 . With the new system having a more stable laser, better mechanical mounting and position control, better optical alignment, an improved feedback system, and a second means of optical helicity reversal, the SDM of A S was reduced almost two orders of magnitude to 3 × 10 −8 in 1 h of running. As can be seen from Table 1 , the largest part of this improvement is due to implementation of the Pockels cell.
Instrumental asymmetry control at this level is comparable to that obtained in several second-generation high-energy nuclear parity violation experiments, such as the HAPPEX series, SAMPLE, and SLAC Experiment E158 [2] [3] [4] 13] . These experiments typically achieved uncertainty due to helicity-correlated beam asymmetries of the order of 10 −7 -10 −8
over days of running time, compared with our A T SDM value of 5 × 10 −7 obtained in 1 h. a The standard deviation of the mean was taken only when drifting was minimal and was calculated for the entire 60 min of running. The stability of the feedback asymmetry (A S ) for the photoemission from the crystal determines the limit of how stable A T can be with the current feedback system. SF-spatial filter and PC-Pockels cell.
